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Recently, the association between human personality traits and resting-state brain
activity has gained interest in neuroimaging studies. However, it remains unclear
if Big Five personality traits are represented in frequency bands (∼0.25 Hz) of
resting-state functional magnetic resonance imaging (fMRI) activity. Based on earlier
neurophysiological studies, we investigated the correlation between the five personality
traits assessed by the NEO Five-Factor Inventory (NEO-FFI), and the fractional
amplitude of low-frequency fluctuation (fALFF) at four distinct frequency bands (slow-
5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz) and slow-2
(0.198–0.25 Hz)). We enrolled 835 young subjects and calculated the correlations of
resting-state fMRI signals using a multiple regression analysis. We found a significant
and consistent correlation between fALFF and the personality trait of extraversion at all
frequency bands. Furthermore, significant correlations were detected in distinct brain
regions for each frequency band. This finding supports the frequency-specific spatial
representations of personality traits as previously suggested. In conclusion, our data
highlight an association between human personality traits and fALFF at four distinct
frequency bands.
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INTRODUCTION
An important challenge in neuroscience is to determine how
human personality is represented in the brain. The Big Five
model encompasses five personality traits, i.e., neuroticism,
extraversion, openness, agreeableness and conscientiousness
(Costa and MacCrae, 1992). The development of this model
led researchers to ask if the five personality traits correlated
with brain activity and which brain areas represented these
traits.
Neuroimaging studies have focused on brain activity during
resting-state. Previous work revealed that some personality traits
correlated with resting-state brain activity. Two studies using
positron emission tomography found significant correlations
between neuroticism and resting-state activity in the insular
cortex and prefrontal regions, and between extraversion and
resting-state activity in the orbitofrontal cortex and right
putamen (Deckersbach et al., 2006; Kim et al., 2008). Another
resting-state study using electroencephalography (EEG) found
that both delta and theta activity across all cortical regions
significantly correlated with extraversion and conscientiousness
(Tran et al., 2006). Recently, functional magnetic resonance
imaging (fMRI) was used to investigate correlations between
personality traits and resting-state brain activity. Resting-state
functional connectivity was associated with each of the five
personality traits (Adelstein et al., 2011). Global network
measures (i.e., normalized clustering coefficient) from resting-
state activity were associated with extraversion (Gao et al.,
2013). Neuroticism and extraversion correlated with regional
homogeneity of resting-state activity in the left middle frontal
gyrus and medial prefrontal cortex, respectively (Wei et al.,
2011). Activity in the default mode network (DMN), which is
a resting-state network, was associated with extraversion and
agreeableness (Sampaio et al., 2014).
To directly determine the amplitude of regional activity
during resting-state, a previous study developed an index known
as the fractional amplitude of low-frequency fluctuation (fALFF;
Zou et al., 2008). fALFF reflects the amplitude of low-frequency
(0.01–0.08 Hz) power spectra of hemodynamic signal, and its
reliability was previously verified (Zou et al., 2008; Zuo et al.,
2010). fALFF was reportedly associated with all of the personality
traits except agreeableness (Kunisato et al., 2011).
Previous work defined various frequency classes in wide
frequency range (0.02–600 Hz) of electrical activity of the
brain (Penttonen and Buzsáki, 2003). Each frequency class is
thought to serve different physiological functions (Penttonen
and Buzsáki, 2003; Buzsáki and Draguhn, 2004). Fluctuations
of hemodynamic activity and electrical activity may have
different properties. However, recently, resting-state electrical
brain activity was shown to be closely linked to resting-
state brain hemodynamics (Matsui et al., 2016). In addition,
another resting-state study revealed that patterns of electrical
brain activity strongly correlated with that of hemodynamic
activity within 0–0.4 Hz frequency band (Ma et al., 2016).
The previous findings suggested that the frequency classes
defined from electrical activity are beneficial in hemodynamic
signal measured with fMRI. Based on the frequency classes,
low- and high-frequency fluctuation (0–0.25 Hz) measured
with fMRI was decomposed into four distinct frequency bands:
(slow-5 (0.01–0.027 Hz), slow-4 (0.027–0.073 Hz), slow-3
(0.073–0.198 Hz) and slow-2 (0.198–0.25 Hz); Zuo et al.,
2010).
Only slow-4 and slow-5 bands have been commonly
used in resting-state fMRI studies because gray matter-related
oscillations during resting-state primarily occur at these two
frequency ranges (Zuo et al., 2010). However, resting-state
oscillations that included slow-3 showed frequency-dependent
spatial structures in the brain (0.01–0.2 Hz; Baria et al., 2011)
and limbic resting-state networks (0.01–0.14 Hz; Wu et al.,
2008); resting-state networks were consistently present at not
only slow-4 and slow-5 but also slow-2 and slow-3 (Gohel
and Biswal, 2015); resting-state networks modulated alpha
rhythm in different frequency bands such as slow-3 and slow-5
(Zhan et al., 2014); topologies of resting-state networks were
different for different frequency bands (including frequencies
>slow-4), suggesting that frequency-dependent sub-networks
serve different brain functions (Zhang et al., 2015). Therefore,
not only slow-4 and slow-5, but also slow-2 and slow-3 should
be investigated in resting-state fMRI studies.
fALFF at slow-4 and slow-5 reportedly correlated with
extraversion and neuroticism, and brain regions showing
significant correlations were different for each frequency band
(Wei et al., 2014). It is reasonable to question whether personality
traits correlate with fALFF at multiple-frequency bands
(including slow-2 and slow-3) and whether spatial distributions
of fALFF that significantly correlates with personality traits are
different for each band. However, no comprehensive analyses of
the associations between the five personality traits and fALFF in
four distinct frequency bands have been completed.
In this study, we investigated if fALFF at multiple-frequency
bands correlated personality traits. Furthermore, we explored
spatial distributions of fALFF that significantly correlated with
the personality traits. To this end, personality traits were assessed
using the NEO Five-Factor Inventory (NEO-FFI; Costa and
MacCrae, 1992), and resting-state activity was measured using
fMRI. The fMRI signals were used to calculate fALFF at slow-
2–slow-5. Lastly, we performed a multiple regression analysis
to determine the correlations between each frequency band and
each personality trait.
MATERIALS AND METHODS
Subjects
This study is a part of an ongoing project to investigate the
association between brain imaging, cognitive function and aging.
We do not describe the psychological tests and MRI scans that
were performed during the project because they are out of the
scope of this study. Our study included 835 healthy, right-handed
subjects (487 males and 348 females, age 20.7 ± 1.8 years). All
subjects were university students or postgraduates with normal
vision and no history of neurological or psychiatric illness. We
used the Edinburgh Handedness Inventory (Oldfield, 1971) to
evaluate the subjects’ handedness. We obtained written informed
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TABLE 1 | The mean, range and standard deviation (SD) of age, intelligence quotient (IQ), TIV and NEO Five-Factor Inventory (NEO-FFI) score in male group, female
group and mixed gender group.
All Male Female
Mean range SD Mean range SD Mean range SD
Age 20.7 18–27 1.8 20.7 18–27 1.9 20.6 18–27 1.7
IQ 112.3 78–147 11.7 114.2 79–147 11.6 109.6 78–143 11.3
TIV [cm3] 1539 1215–2018 141 1616 1306–2018 115 1431 1215–1724 94
N 28.0 3–48 8.4 27.5 4–47 8.4 28.7 3–48 8.3
E 26.4 7–47 6.8 26.0 7–47 7.1 27.0 7–39 6.4
O 29.6 11–47 5.9 29.1 13–47 5.8 30.2 11–45 5.9
A 30.5 5–45 6.1 29.4 5–45 6.0 32.1 11–43 5.8
C 25.4 3–42 6.9 25.0 3–41 7.0 26.0 7–42 6.7
TIV, total intracranial volume; N, neuroticism; E, extraversion; O, openness; A, agreeableness; C, conscientiousness.
consents from all subjects for their participation in the project.
The Ethics Committee of Tohoku University approved all study
procedures.
We did not account for the menstrual cycle of female
subjects; however, this procedure is similar to most resting-
state fMRI studies. Because female subjects were scanned at
various stages of the menstrual cycle, the validity of our results
may be reduced if the menstrual cycle affects resting-state fMRI
measurements.
On the day of psychological tests and MRI scans, all
subjects had adequate sleep, ate breakfast, maintained their
conditions and were allowed to consume their normal amounts
of caffeinated foods and drinks. However, the consumption
of alcohol was prohibited beginning on the night before the
assessment. The subjects who routinely used certain drugs,
such as antipsychotics, were excluded from the project, but the
subjects who used daily drugs, such as anti-allergy drugs, were
included in the study.
Image Acquisition
All MRI data were collected using a 3-T Philips Intera Achieva
scanner equipped with an 8-channel head coil. The fMRI blood
oxygenation level-dependent (BOLD) signal during resting-
state was measured with an echo planar imaging sequence
(64 × 64 matrix, TR = 2000 ms, TE = 30 ms, flip angle = 70◦,
FOV = 240 mm, slice thickness = 3.75 mm and 34 transaxial
gradient-echo images per volume). A total of 160 functional
volumes were acquired while each subject was resting. Based
on previously published resting-state fMRI procedures (Greicius
et al., 2003; Damoiseaux et al., 2006), the subjects were instructed
to keep still with their eyes closed, not to sleep, not to think
about anything in particular and remain as motionless as
possible.
Using a magnetization-prepared rapid gradient echo
sequence, we acquired high-resolution T1-weighted structural
images (240 × 240 matrix, TR = 6.5 ms, TE = 3 ms,
FOV = 240 mm, slice thickness = 1.0 mm and slices = 162).
In the fMRI measurement, scanner noise was reduced with
ear plugs, and pads and Velcro tape were used to limit the
subjects’ motion during scanning. The subjects were informed
that movement during scanning is unfavorable, and they were
instructed to minimize any motions during scanning. If excessive
motion was observed, the scan was restarted from the beginning.
Psychological Measures
To assess the personality traits (i.e., neuroticism, extraversion,
openness, agreeableness and conscientiousness) of the
subjects, all subjects were asked to complete a 60-item
Japanese version (5-point scale) of the NEO-FFI (Costa
and MacCrae, 1992; Shimonaka et al., 1999). The five personality
traits were previously described as follows (Rosellini and
Brown, 2011): (1) neuroticism, the tendency to experience
negative emotions and psychological distress in response to
stressors; (2) extraversion, the degree of sociability, positive
emotionality and general activity; (3) openness, levels of
curiosity, independent judgment, and conservativeness;
(4) agreeableness, altruistic, sympathetic and cooperative
tendencies; and (5) conscientiousness, one’s level of self-control
in planning and organization.
To assess intelligence quotient (IQ) of the subjects, the
subjects were asked to complete the Tanaka B-type intelligence
test (TBIT) type 3B (Tanaka et al., 2003). TBIT is a non-verbal
mass intelligence test comprised of subtests that are used for
3rd-year junior high school students and older examinees.
In all subtests, the subjects were asked to solve as many
problems as possible within the time limit (a few minutes). Our
previous work described these subtests in detail (Takeuchi et al.,
2013).
fMRI Data Preprocessing
In this study, we performed the same preprocessing as previously
described (Takeuchi et al., 2015). For the preprocessing of
imaging data, we used SPM8 (Wellcome Department of
Cognitive Neurology, London, UK1) implemented in Matlab
and SPM8’s extension software Data Processing Assistant
for Resting-state fMRI (DPARSF; Chao-Gan and Yu-Feng,
2010).
To avoid treating the skull portions of functional images as
the outer edge of the brain parenchyma in the preprocessing
procedures, these portions were removed from the first image of
a functional image series based on the signal intensity threshold
from the spatially smoothed (8 mm FWHM) functional images.
The skull-stripped image for each subject was coregistered
to a custom made skull-stripped EPI template that we
previously created (Takeuchi et al., 2014). For the functional
1http://www.fil.ion.ucl.ac.uk/spm/
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FIGURE 1 | Brain areas that showed significant positive correlations with fractional amplitude of low-frequency fluctuation (fALFF) at three different frequency bands
(s3: slow-3, s4: slow-4 and s5: slow-5) and extraversion scores (E). The resulting threshold-free cluster enhancement (TFCE) maps were thresholded with a
voxel-wise significance of a family-wise error (FWE)-corrected p < 0.05 and overlaid on the avg305T1 template using SPM8. The color bar indicates the TFCE
magnitude. The peak voxels for the three bands are marked by the yellow cross-hairs. Each scatter plot shows the relationship between the E score (minus the mean
value) and fALFF at the peak voxel. The nuisance covariates were regressed out at the peak voxel. Each yellow line within the scatter plot shows the fALFF predicted
from the E score.
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FIGURE 2 | Brain areas that showed significant negative correlations with fALFF at two different frequency bands (s2: slow-2, s4: slow-4) and extraversion scores
(E). The resulting TFCE maps were thresholded with a voxel-wise significance of a FWE-corrected p < 0.05 and overlaid on the avg305T1 template using SPM8. The
color bar indicates the TFCE magnitude. The peak voxels for the two bands are marked by the yellow cross-hairs. Each scatter plot shows the relationship between
the E score (minus the mean value) and fALFF at the peak voxel. The nuisance covariates were regressed out at the peak voxel. Each yellow line within the scatter
plot shows the fALFF predicted from the E score.
resting-state data of each subject, slice timing correction and
realignment were performed using DPARSF. Next, segmentation
and normalization were performed using previously described
methods (Takeuchi et al., 2014). These methods modified the
diffeomorphic anatomical registration through exponentiated lie
algebra (DARTEL; Ashburner, 2007) to give functional images
with 3.75 × 3.75 × 3.75 mm3 voxels. Our previously published
Supplemental Methods provide detailed information on the
aforementioned procedures (Takeuchi et al., 2015).
To control the effects of head motion and non-neuronal
BOLD fluctuations, 27 nuisance covariates included Friston
24 motion parameters and three mean time courses from
the voxels within the white matter mask, cerebrospinal fluid
(CSF) mask and whole brain mask. According to a previous
report, head motion was corrected more effectively using Friston
24 parameters than other movement correction methods, such
as the correction for rigid-body using six parameters, derivative
12 parameters and voxel-specific 12 regressors (Yan et al., 2013).
The resultant images were spatially smoothed with an
8 mm FWHM and then masked with a template comprised
of 90 regions (without the cerebellar regions) defined by
the Anatomical Automatic Labeling (AAL) system (Tzourio-
Mazoyer et al., 2002) to exclude the white matter, CSF and
cerebellar regions from subsequent analyses. The exclusion of
the cerebellar regions is due to technical problems with MRI
scanning.
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TABLE 2 | Brain areas in which fractional amplitude of low-frequency fluctuation (fALFF) at each frequency band significantly correlated with NEO-FFI scores.
Cluster size, AAL areas Peak coordinates AAL TFCE PFWE
and percentages for entire voxels x y z areas
S2 E (< 0) 1 0 −86.25 33.75 QG 161.07 0.046
C (> 0) 6 −60.00 0 33.75 FAG 170.56 0.032
FAG 33.33%
PAG 66.67%
S3 E (> 0) 54 3.75 7.50 67.50 SMAD 234.35 0.004
SMAG 24.07%
SMAD 74.07%
FMD 1.85%
S4 E (> 0) Cluster 1: 35 15.00 −67.50 0 LINGD 221.59 0.012
V1D 14.29%
LINGD 85.71%
Cluster 2: 97 0 −86.25 33.75 QG 217.28 0.013
V1G 19.59%
V1D 4.12%
QG 34.02%
QD 18.56%
LINGG 22.68%
O1G 1.03%
E (< 0) Cluster 1: 5 18.75 56.25 3.75 F1D 173.52 0.042
F1D 40.00%
FMD 60.00%
Cluster 2: 2 18.75 56.25 18.75 F1D 171.21 0.045
F1D 100.00%
Cluster 3: 2 22.50 60.00 33.75 F1D 181.75 0.03
F1D 100.00%
S5 E (> 0) 3 −48.75 −26.25 41.25 P2G 173.19 0.047
PAG 33.33%
P2G 66.67%
S2: slow-2; S3: slow-3; S4: slow-4; S5: slow-5; E: extraversion; C: conscientiousness; L: left; R: right; FAG: Precentral_L; F1D: Frontal_Sup_R; SMAG:
Supp_Motor_Area_L; SMAD: Supp_Motor_Area_R; FMD: Frontal_Sup_Medial_R; V1G: Calcarine_L; V1D: Calcarine_R; QG: Cuneus_L; QD: Cuneus_R; LINGG: Lingual_L;
LINGD: Lingual_R; O1G: Occipital_Sup_L; PAG: Postcentral_L; P2G: Parietal_Inf_L (for details on the abbreviations of the anatomical areas, see Tzourio-Mazoyer et al.,
2002).
As described previously (Zang et al., 2007; Zou et al.,
2008), the fALFF analysis was performed on the aforementioned
preprocessed images for each subject. The time series from each
voxel (without band-pass filtering) were transformed into the
frequency domain with a fast Fourier transform (FFT). The
square root was calculated at each frequency of the power
spectrum. Based on previous works (Penttonen and Buzsáki,
2003; Buzsáki and Draguhn, 2004; Zuo et al., 2010; Ma et al.,
2016; Matsui et al., 2016), the full frequency range (0–0.25 Hz)
was divided into four distinct bands: (slow-5 (0.01–0.027 Hz),
slow-4 (0.027–0.073 Hz), slow-3 (0.073–0.198 Hz) and slow-2
(0.198–0.25Hz)). To compute the fALFF of each band, the sum of
the amplitude across each band was divided by that of the entire
frequency range (i.e., 0–0.25 Hz).
For individual subjects, the fALFF map for each band was
transformed to a Z score using the global mean of fALFF and
standard deviation calculated from the voxels within the 90 AAL
regions (Zou et al., 2008).
Second-Level Analysis
To investigate the correlations between the fALFF values and
NEO-FFI scores, we performed a voxel-basedmultiple regression
analysis using SPM8. Nuisance covariates included the IQ score
estimated by TBIT, gender, age and total intracranial volume
(TIV) to control for their effects because of the potential to
influence the association between personality traits and brain
function (Hu et al., 2011; Kunisato et al., 2011; Wei et al.,
2014). For group voxel-wise statistical testing, a permutation-
based non-parametric test (5000 permutations) was performed
via the threshold-free cluster enhancement (TFCE) toolbox2
(r88; Smith and Nichols, 2009). The resulting TFCE maps
were thresholded at p < 0.05, a family-wise error (FWE)
correction.
RESULTS
Behavioral Data
The mean, range and SD of age, IQ, TIV and NEO-FFI score are
shown in Table 1. In addition, simple correlations between age,
IQ, TIV and NEO-FFI score in each gender group are shown in
Supplementary Tables S1, S2.
Positive Correlations between fALFF at
Multiple-Frequency Bands and
Extraversion
The resulting TFCE maps with a voxel-wise threshold (FWE-
corrected p < 0.05) revealed significant positive correlations
2http://dbm.neuro.uni-jena.de/tfce/
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between fALFF at three different frequency bands (slow-3, slow-4
and slow-5) and extraversion scores (Figure 1, Table 2). For
slow-3, a large cluster showing significant positive correlations
was observed in the bilateral supplementary motor and right
medial superior frontal areas. For slow-4, the significant
positive correlations formed two large clusters, including the
bilateral calcarine, bilateral lingual, bilateral cuneus and left
superior occipital areas. For slow-5, a small cluster was
observed in the left postcentral and left inferior parietal
areas.
Negative Correlations between fALFF at
Multiple-Frequency Bands and
Extraversion
When compared with the positive correlations, smaller clusters
were observed for negative correlations (Figure 2, Table 2).
For slow-2, a voxel in the left cuneus showed a significant
negative correlation. For slow-4, three small clusters that
showed significant negative correlations were observed in
the right superior frontal and right medial superior frontal
areas.
Correlations between fALFF and
Personality Scores Other than Extraversion
For slow-2, a cluster that showed a significant positive correlation
for conscientiousness (Table 2) was observed in the left
precentral and left postcentral areas. No other significant
correlations were found.
DISCUSSION
Our work is the first comprehensive study to investigate the
correlations between fALFF at four distinct frequency bands
(slow-2–slow-5) and the five personality traits assessed using the
NEO-FFI. Our hypothesis was that personality traits correlate
with fALFF at multiple-frequency bands, including slow-2
and slow-3. Furthermore, we explored spatial distributions of
the significant correlations. The results obtained showed that
significant correlations between fALFF and extraversion were
consistently present at all frequency bands, thus supporting our
hypothesis. Furthermore, most of the significant correlations
were distributed over distinct brain regions for each frequency
band, supporting frequency-specific spatial representations of
personality traits as previously suggested (Wei et al., 2014).
Interestingly, we found no other significant correlations, except
for a correlation between conscientiousness and fALFF at
slow-2. Our results shed light on the association between
human personality traits and fALFF at four distinct frequency
bands.
For extraversion, significant correlations were present at all
frequency bands. Three relatively large clusters were found
at slow-3 and slow-4 bands, while small spatial extent was
found at slow-2 and slow-5. Except for extraversion and
conscientiousness, the other traits did not show significant
correlations. These results suggest the robustness of extraversion
representations in fALFF. According to previous findings,
extraversion is considered the most stable core trait (Lei
et al., 2015), and correlations between extraversion and fALFF
(0.01–0.08 Hz, slow-4 and slow-5) formed larger clusters
relative to the other personality traits (Kunisato et al., 2011;
Wei et al., 2014). Our results support the previous findings
in terms of the robustness of extraversion. Furthermore, the
significant correlations of slow-2 and slow-3 appear to be novel
findings.
For positive correlations between slow-5 and extraversion, we
found a small cluster formed by voxels within the left postcentral
and inferior parietal regions. The results were partially consistent
with the previous findings, which showed significant positive
correlations between extraversion and fALFF at slow-5 in
precuneus, which is a part of the parietal lobe (Wei et al., 2014).
Furthermore, extraversion was found to be associated with the
Hurst exponent (H), which is an indicator calculated from power
spectra (0.016–0.063 Hz), in a right-lateralized frontoparietal
network (Lei et al., 2013). These evidences suggest that the
parietal lobe is linked to extraversion.
For positive correlations between slow-4 and extraversion,
we found two large clusters formed by voxels within the
occipital lobe, such as the bilateral calcarine, cuneus and lingual
areas. The results were inconsistent with previous findings that
showed significant correlations between extraversion and fALFF
at slow-4 in hippocampus (Wei et al., 2014), and between
extraversion and fALFF (0.01–0.08 Hz), which encompasses
slow-4, in the striatum, bilateral precuneus and right superior
frontal gyrus (Kunisato et al., 2011). On the other hand, although
H and fALFF may have different properties, extraversion was
found to be associated with H in the occipital lobe (Lei
et al., 2013). In terms of the cuneus in which significant
voxels were observed, some previous studies suggested the
importance of the cuneus in extraversion. For example, the
cuneus was activated by watching risk-taking actions, and
the degree of feeling ‘‘risky’’ and ‘‘anxiety’’ about risk-taking
actions negatively correlated with extraversion (Tamura et al.,
2012). Further, high extraversion was associated with greater
activity in the left cuneus during rest (Ruffle et al., 2015).
Lastly, extraversion positively correlated with short-range
functional connectivity density in the left cuneus (Pang et al.,
2015).
For negative correlations between slow-4 and extraversion,
we found some small clusters formed by voxels within the
right superior frontal region. The results were inconsistent with
the previous findings (Wei et al., 2014). On the other hand,
fALFF (0.01–0.08 Hz) was found to positively correlate with
extraversion in the right superior frontal gyrus (Kunisato et al.,
2011). Note that the direction of the correlation was inconsistent
with that of our results. A right-lateralized frontoparietal network
was associated with extraversion (Lei et al., 2013). These
evidences suggest the link between the right frontal region and
extraversion.
For positive correlations between slow-3 and extraversion,
we found a large cluster in the bilateral supplementary motor
areas (SMA) and right medial superior frontal area; the peak
voxel within this cluster showed the greatest TFCE across all
frequency bands. Regional homogeneity, which is an indicator
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different from fALFF, in the medial prefrontal cortex was
found to correlate with extraversion (Wei et al., 2011). SMA
is one of the functional subdivisions in Brodmann area (BA)
6 (Hanakawa et al., 2002). Previous work showed that fALFF
(0.01–0.08 Hz), which is different from slow-3 (0.073–0.198 Hz),
in BA6 positively correlated with extraversion (Kunisato et al.,
2011). The SMA was activated by watching ‘‘risk-taking’’
actions, and risk-taking actions were associated with extraversion
(Tamura et al., 2012). The SMA is associated with performing
voluntary actions rather than involuntary actions (Thaler et al.,
1995). High extraversion is directly linked to traits such as
talkativeness and aggressiveness. These traits may be associated
with voluntary actions controlled by the SMA. Therefore, our
results are reasonable based on the previous findings.
For a negative correlation between slow-2 and extraversion,
we observed only one voxel in the left cuneus. It is interesting
that fALFF at slow-2 and slow-4 showed significant correlations
in the same region (i.e., the left cuneus), and that the directions
of the correlations were opposite. This fact suggests that
representations of extraversion in the left cuneus are different for
each band.
We found no significant correlations for the other personality
traits, except for extraversion and conscientiousness. fALFF
(0.01–0.08 Hz) reportedly correlates with not only extraversion
and conscientiousness but other traits (i.e., neuroticism and
openness; Kunisato et al., 2011). The inconsistency between
our results and previous findings may be explained by the
differences in sample sizes and analysis methods (e.g., motion
correction, signal regression and nuisance covariates). This study
included 835 subjects, which is a relatively large sample size in
the neuroimaging field. For preprocessing, we used the Friston
24 model for motion correction and performed a global signal
regression. A previous study showed the benefit of combining
the Friston 24 model with global signal regression in fALFF (see
Figure S10 in Yan et al., 2013). In the second-level analysis, IQ,
gender, age and TIV were used as nuisance covariates. The use
of these covariates was based on previous studies (Hu et al.,
2011; Kunisato et al., 2011; Wei et al., 2014). Thus, we believe
that our results obtained by the aforementioned analyses are
reliable.
For slow-2 and slow-3, we found the significant correlations
in extraversion and conscientiousness; in addition, the positive
correlations between extraversion and slow-3 formed a relatively
large cluster. Resting-state BOLD activity at slow-2 and slow-3
bands is mainly distributed over white matter (Zuo et al., 2010),
and the BOLD activity at slow-2 and slow-3 involved respiratory
and aliased cardiac signals (Cordes et al., 2001). Cardiac signals
are known to correlate with the personality (Koelsch et al.,
2012). Previous resting-state fMRI studies using fALFF did not
use the signals at slow-2 and slow-3 to avoid the influence
of such physiological noise (Han et al., 2010; Kunisato et al.,
2011; Wei et al., 2014; Yu et al., 2014). Because physiological
signals (i.e., respiratory and cardiac signals) were not measured
in the present study, the influence of such signals on BOLD
fMRI data could not be quantitatively assessed. On the other
hand, reportedly, the global signal regression approach used in
the present study contributes to the reduction in physiological
noise such as respiratory and cardiac signals because much of
the global brain signal is due to the physiological processes (Birn
et al., 2006; Chang and Glover, 2009). Furthermore, even though
hemodynamic response was attenuated in higher frequency
bands (slow-2 and slow-3), the BOLD signal formed still resting-
state networks (Gohel and Biswal, 2015). This fact suggests that
the BOLD fluctuations in slow-2 and slow-3 have a significant
presence of neuronal fluctuations, and supports our results.
Therefore, it is reasonable to use fALFF in slow-2 and slow-3
frequency bands in resting-state fMRI research.
For physiological meaning of the fALFF bands, reportedly
different bands may play different roles in resting-state
BOLD activity (Zhan et al., 2014); in particular, fMRI data
at the slow-3 and slow-5 bands correlated with the EEG
alpha power, and spatial patterns of the correlations showed
different brain networks for different bands; the slow-2 and
slow-4 bands rarely correlated with the EEG alpha power.
Therefore, the alpha rhythm was influenced by different
networks in different bands (i.e., slow-3 and slow-5), while
slow-2 and slow-4 may have other physiological meanings.
Another previous study reported that fMRI signals in the
0.15–0.25 Hz (including slow-2) and 0.03–0.08 Hz (including
slow-4) frequency bands, showed different topologies of
resting-state networks (Zhang et al., 2015). Together, the
frequency-specific characteristics of the resting-state brain
may link to the frequency-specific spatial representations
of personality traits, which were observed in the present
study.
Many of the correlations observed in this study were only
marginally significant. In neuroscience, the effects explored in
experiments reportedly tend to be smaller and more subtle
(Button et al., 2013). Therefore, in our experiment, the true effect
size of association between human personality traits and fALFF
may be small. To detect small effects, a large sample size is
needed (Button et al., 2013). Our study included 835 subjects,
which is a relatively large sample size for neuroimaging studies.
We believe that the large sample size contributed to the
detection of the association between personality traits and
fALFF.
Although we observed the consistent correlations between
all frequency bands and extraversion, extraversion is likely to
correlate with physiological noises which may affect fALFF. For
example, extraverts may have difficulties in keeping quiet in the
fMRI scanner, so that this may cause severe movement artifacts,
whichmay persist even after motion artifact correction. To assess
an association between movement artifacts and extraversion, we
calculated a correlation between mean framewise displacement
(Power et al., 2012) and extraversion (r = 0.042, p = 0.228). The
correlation was not significant, so that extraversion should exert
little influence on movement artifacts.
The present study has important limitations:
1. In the second-level analysis, 40 multiple comparisons
were performed (i.e., 5 personality traits × 4 frequency
bands × 2 directions). The obtained results were likely to be
due to spurious false positives. To confirm the possibility, we
reanalyzed the fMRI data also without using the global signal
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regression. If our results were derived from true effects, results
of this reanalysis were expected to show correlation patterns
similar to that of our results. As a result, we observed similar
correlation patterns, i.e., extraversion consistently correlated
with fALFF at all frequency bands, while no other traits
correlated with fALFF (Supplementary Table S3). Therefore,
the obtained results in the present study must be due to true
effects.
2. Activities of whole cerebellar regions could not be fully
measured due to technical problems with MRI scanning.
Reportedly, fALFF (0.01–0.08 Hz) was found to correlate with
conscientiousness in cerebellar regions (Kunisato et al., 2011).
Therefore, further investigation of associations between
fALFF at multiple-frequency bands and personality traits
in cerebellar regions should provide more information
about frequency-specific spatial representations of personality
traits.
3. In the present study, the upper limit of the slow-2
band (0.198–0.25 Hz) was constrained by the
fMRI repetition time to acquire BOLD signals
(TR = 2000 ms); however, the true slow-2 band was
defined as 0.198–0.5 Hz (Penttonen and Buzsáki,
2003). The upper limit may explain the small effects in
slow-2.
4. The present study could not provide information
about temporal reliability of the observed correlations
between fALFF and personality traits. However, fALFF
has been shown to exhibit high test-retest reliability
(Zuo et al., 2010). This fact supports the temporal
reliability of the correlations observed in the present
study.
In conclusion, we investigated if fALFF at multiple-
frequency bands (slow-2–slow-5) correlated with personality
traits assessed using the NEO-FFI. We also investigated if
spatial distributions of fALFF that significantly correlated with
personality traits were different for each band. The significant
correlations between fALFF and extraversion were present
at all frequency bands, suggesting the importance of high
frequency bands (>slow-4) in traits represented in fALFF.
Furthermore, most of voxels showing significant correlations
were observed in different areas for each frequency band. This
finding supports the previous suggestion of frequency-specific
spatial representations of personality traits. Lastly, our study
provided a comprehensive analysis of the association between
four distinct frequency bands and the five personality traits of
the Big Five Model.
AUTHOR CONTRIBUTIONS
HT designed and developed the study protocol. All authors
collected data. SI conducted the study and analyzed the data;
prepared the manuscript with the other authors. All authors read
and approved the final manuscript.
ACKNOWLEDGEMENTS
This work was supported by JST/RISTEX, JST/CREST and a
Grant-in-Aid for Young Scientists (B) (KAKENHI 23700306)
and Young Scientists (A) (KAKENHI 25700012) from the
Ministry of Education, Culture, Sports, Science and Technology.
We thank Yuki Yamada for helping MRI scanning, Haruka
Nouchi for conducting the psychological tests, the other
assistants who helped with our experiments, the participants in
the projects and all our laboratory colleagues for their support.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can
be found online at: http://journal.frontiersin.org/
article/10.3389/fnhum.2017.00321/full#supplementary-material
REFERENCES
Adelstein, J. S., Shehzad, Z.,Mennes,M., Deyoung, C. G., Zuo, X. N., Kelly, C., et al.
(2011). Personality is reflected in the brain’s intrinsic functional architecture.
PLoS One 6:e27633. doi: 10.1371/journal.pone.0027633
Ashburner, J. (2007). A fast diffeomorphic image registration
algorithm. Neuroimage 38, 95–113. doi: 10.1016/j.neuroimage.2007.
07.007
Baria, A. T., Baliki, M. N., Parrish, T., and Apkarian, A. V. (2011). Anatomical and
functional assemblies of brain BOLD oscillations. J. Neurosci. 31, 7910–7919.
doi: 10.1523/JNEUROSCI.1296-11.2011
Birn, R. M., Diamond, J. B., Smith, M. A., and Bandettini, P. A. (2006).
Separating respiratory-variation-related fluctuations from neuronal-activity-
related fluctuations in fMRI. Neuroimage 31, 1536–1548. doi: 10.1016/j.
neuroimage.2006.02.048
Button, K. S., Ioannidis, J. P. A., Mokrysz, C., Nosek, B. A., Flint, J.,
Robinson, E. S. J., et al. (2013). Power failure: why small sample size
undermines the reliability of neuroscience. Nat. Rev. Neurosci. 14, 365–376.
doi: 10.1038/nrn3475
Buzsáki, G., and Draguhn, A. (2004). Neuronal oscillations in cortical networks.
Science 304, 1926–1929. doi: 10.1126/science.1099745
Chang, C., and Glover, G. H. (2009). Effects of model-based physiological
noise correction on default mode network anti-correlations and correlations.
Neuroimage 47, 1448–1459. doi: 10.1016/j.neuroimage.2009.05.012
Chao-Gan, Y., and Yu-Feng, Z. (2010). DPARSF: a MATLAB toolbox for
‘‘pipeline’’ data analysis of resting-state fMRI. Front. Syst. Neurosci. 4:13.
doi: 10.3389/fnsys.2010.00013
Cordes, D., Haughton, V. M., Arfanakis, K., Carew, J. D., Turski, P. A.,
Moritz, C. H., et al. (2001). Frequencies contributing to functional connectivity
in the cerebral cortex in ‘‘resting-state’’ data.Am. J. Neuroradiol. 22, 1326–1333.
doi: 10.1093/cercor/bhr230
Costa, P. T., and MacCrae, R. R. (1992). Revised NEO Personality Inventory (NEO
PI-R) and NEO Five-Factor Inventory (NEO FFI): Professional Manual.Odessa,
FL: Psychological Assessment Resources.
Damoiseaux, J. S., Rombouts, S. A. R. B., Barkhof, F., Scheltens, P., Stam, C. J.,
Smith, S. M., et al. (2006). Consistent resting-state networks across healthy
subjects. Proc. Natl. Acad. Sci. U S A 103, 13848–13853. doi: 10.1073/pnas.
0601417103
Deckersbach, T., Miller, K. K., Klibanski, A., Fischman, A., Dougherty, D. D.,
Blais, M. A., et al. (2006). Regional cerebral brain metabolism correlates of
neuroticism and extraversion. Depress. Anxiety 23, 133–138. doi: 10.1002/da.
20152
Frontiers in Human Neuroscience | www.frontiersin.org 9 June 2017 | Volume 11 | Article 321
Ikeda et al. Multiple Bands Correlate with Extraversion
Gao, Q., Xu, Q., Duan, X., Liao, W., Ding, J., Zhang, Z., et al. (2013). Extraversion
and neuroticism relate to topological properties of resting-state brain networks.
Front. Hum. Neurosci. 7:257. doi: 10.3389/fnhum.2013.00448
Gohel, S. R., and Biswal, B. B. (2015). Functional integration between brain
regions at rest occurs in multiple-frequency bands. Brain Connect. 5, 23–34.
doi: 10.1089/brain.2013.0210
Greicius, M. D., Krasnow, B., Reiss, A. L., and Menon, V. (2003). Functional
connectivity in the resting brain: a network analysis of the default mode
hypothesis. Proc. Natl. Acad. Sci. U S A 100, 253–258. doi: 10.1073/pnas.
0135058100
Han, Y., Wang, J., Zhao, Z., Min, B., Lu, J., Li, K., et al. (2010).
Frequency-dependent changes in the amplitude of low-frequency
fluctuations in amnestic mild cognitive impairment: a resting-state
fMRI study. Neuroimage 55, 287–295. doi: 10.1016/j.neuroimage.2010.
11.059
Hanakawa, T., Honda, M., Sawamoto, N., Okada, T., Yonekura, Y., Fukuyama, H.,
et al. (2002). The role of rostral Brodmann area 6 in mental-operation
tasks: an integrative neuroimaging approach. Cereb. Cortex 12, 1157–1170.
doi: 10.1093/cercor/12.11.1157
Hu, X., Erb, M., Ackermann, H., Martin, J. A., Grodd, W., and Reiterer, S. M.
(2011). Voxel-based morphometry studies of personality: issue of statistical
model specification-effect of nuisance covariates. Neuroimage 54, 1994–2005.
doi: 10.1016/j.neuroimage.2010.10.024
Kim, S. H., Hwang, J. H., Park, H. S., and Kim, S. E. (2008). Resting
brain metabolic correlates of neuroticism and extraversion in young
men. Neuroreport 19, 883–886. doi: 10.1097/WNR.0b013e32830
0080f
Koelsch, S., Enge, J., and Jentschke, S. (2012). Cardiac signatures of personality.
PLoS One 7:e31441. doi: 10.1371/journal.pone.0031441
Kunisato, Y., Okamoto, Y., Okada, G., Aoyama, S., Nishiyama, Y., Onoda, K.,
et al. (2011). Personality traits and the amplitude of spontaneous low-frequency
oscillations during resting state. Neurosci. Lett. 492, 109–113. doi: 10.1016/j.
neulet.2011.01.067
Lei, X., Yang, T., and Wu, T. (2015). Functional neuroimaging of extraversion-
introversion. Neurosci. Bull. 31, 663–675. doi: 10.1007/s12264-015-
1565-1
Lei, X., Zhao, Z., and Chen, H. (2013). Extraversion is encoded by scale-free
dynamics of default mode network. Neuroimage 74, 52–57. doi: 10.1016/j.
neuroimage.2013.02.020
Ma, Y., Shaik, M. A., Kozberg, M. G., Kim, S. H., Portes, J. P., Timerman, D.,
et al. (2016). Resting-state hemodynamics are spatiotemporally coupled
to synchronized and symmetric neural activity in excitatory neurons.
Proc. Natl. Acad. Sci. U S A 113, E8463–E8471. doi: 10.1073/pnas.
1525369113
Matsui, T., Murakami, T., and Ohki, K. (2016). Transient neuronal coactivations
embedded in globally propagating waves underlie resting-state functional
connectivity. Proc. Natl. Acad. Sci. U S A 113, 6556–6561. doi: 10.1073/pnas.
1521299113
Oldfield, R. C. (1971). The assessment and analysis of handedness: the
edinburgh inventory. Neuropsychologia 9, 97–113. doi: 10.1016/0028-3932(71)
90067-4
Pang, Y., Cui, Q., Duan, X., Chen, H. H., Zeng, L., Zhang, Z., et al.
(2015). Extraversion modulates functional connectivity hubs of resting-
state brain networks. J. Neuropsychol. doi: 10.1111/jnp.12090 [Epub ahead
of print].
Penttonen, M., and Buzsáki, G. (2003). Natural logarithmic relationship between
brain oscillators. Thalamus Relat. Syst. 2, 145–152. doi: 10.1016/s1472-
9288(03)00007-4
Power, J. D., Barnes, K. A., Snyder, A. Z., Schlaggar, B. L., and Petersen, S. E.
(2012). Spurious but systematic correlations in functional connectivity MRI
networks arise from subject motion.Neuroimage 59, 2142–2154. doi: 10.1016/j.
neuroimage.2011.10.018
Rosellini, A. J., and Brown, T. A. (2011). The NEO Five-Factor Inventory:
latent structure and relationships with dimensions of anxiety and
depressive disorders in a large clinical sample. Assessment 18, 27–38.
doi: 10.1177/1073191110382848
Ruffle, J. K., Farmer, A. D., Kano, M., Giampietro, V., Aziz, Q., and Coen, S. J.
(2015). The influence of extraversion on brain activity at baseline and during
the experience and expectation of visceral pain. Pers. Individ. Dif. 74, 248–253.
doi: 10.1016/j.paid.2014.10.024
Sampaio, A., Soares, J. M., Coutinho, J., Sousa, N., andGonçalves, Ó. F. (2014). The
big five default brain: functional evidence. Brain Struct. Funct. 219, 1913–1922.
doi: 10.1007/s00429-013-0610-y
Shimonaka, Y., Nakazato, K., Gondo, Y., and Takayama, M. (1999). Revised NEO
Personality Inventory (NEO-PI-R) and NEO Five-Factor Inventory (NEO-FFI)
Manual for the Japanese Version. Tokyo: Tokyo Shinri.
Smith, S. M., and Nichols, T. E. (2009). Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localisation
in cluster inference. Neuroimage 44, 83–98. doi: 10.1016/j.neuroimage.
2008.03.061
Takeuchi, H., Taki, Y., Nouchi, R., Hashizume, H., Sekiguchi, A., Kotozaki, Y.,
et al. (2013). Effects of working memory training on functional connectivity
and cerebral blood flow during rest. Cortex 49, 2106–2125. doi: 10.1016/j.
cortex.2012.09.007
Takeuchi, H., Taki, Y., Nouchi, R., Sekiguchi, A., Hashizume, H., Sassa, Y.,
et al. (2014). Association between resting-state functional connectivity and
empathizing/systemizing.Neuroimage 99, 312–322. doi: 10.1016/j.neuroimage.
2014.05.031
Takeuchi, H., Taki, Y., Nouchi, R., Sekiguchi, A., Hashizume, H., Sassa, Y., et al.
(2015). Degree centrality and fractional amplitude of low-frequency oscillations
associated with Stroop interference. Neuroimage 119, 197–209. doi: 10.1016/j.
neuroimage.2015.06.058
Tamura, M., Moriguchi, Y., Higuchi, S., Hida, A., Enomoto, M., Umezawa, J.,
et al. (2012). Neural network development in late adolescents during
observation of risk-taking action. PLoS One 7:e39527. doi: 10.1371/journal.
pone.0039527
Tanaka, K., Okamoto, K., and Tanaka, H. (2003).Manual of New Tanaka B Type
Intelligence Test. Tokyo: Kaneko shobo.
Thaler, D., Chen, Y.-C., Nixon, P. D., Stern, C. E., and Passingham, R. E. (1995).
The functions of the medial premotor cortex. I. Simple learned movements.
Exp. Brain Res. 102, 445–460. doi: 10.1007/bf00230649
Tran, Y., Craig, A., Boord, P., Connell, K., Cooper, N., and Gordon, E.
(2006). Personality traits and its association with resting regional
brain activity. Int. J. Psychophysiol. 60, 215–224. doi: 10.1016/j.ijpsycho.
2005.05.008
Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., et al. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject
brain. Neuroimage 15, 273–289. doi: 10.1006/nimg.2001.0978
Wei, L., Duan, X., Yang, Y., Liao, W., Gao, Q., Ding, J. R., et al. (2011).
The synchronization of spontaneous BOLD activity predicts extraversion and
neuroticism. Brain Res. 1419, 68–75. doi: 10.1016/j.brainres.2011.08.060
Wei, L., Duan, X., Zheng, C., Wang, S., Gao, Q., Zhang, Z., et al.
(2014). Specific frequency bands of amplitude low-frequency oscillation
encodes personality. Hum. Brain Mapp. 35, 331–339. doi: 10.1002/hbm.
22176
Wu, C. W., Gu, H., Lu, H., Stein, E. A., Chen, J. H., and Yang, Y. (2008).
Frequency specificity of functional connectivity in brain networks.Neuroimage
42, 1047–1055. doi: 10.1016/j.neuroimage.2008.05.035
Yan, C. G., Cheung, B., Kelly, C., Colcombe, S., Craddock, R. C.,
Di Martino, A., et al. (2013). A comprehensive assessment of regional
variation in the impact of head micromovements on functional
connectomics. Neuroimage 76, 183–201. doi: 10.1016/j.neuroimage.2013.
03.004
Yu, R., Chien, Y. L.,Wang, H. L. S., Liu, C.M., Liu, C. C., Hwang, T. J., et al. (2014).
Frequency-specific alternations in the amplitude of low-frequency fluctuations
in schizophrenia. Hum. Brain Mapp. 35, 627–637. doi: 10.1002/hbm.
22203
Zang, Y.-F., He, Y., Zhu, C.-Z., Cao, Q.-J., Sui, M.-Q., Liang, M., et al.
(2007). Altered baseline brain activity in children with ADHD revealed by
resting-state functional MRI. Brain Dev. 29, 83–91. doi: 10.1016/j.braindev.
2006.07.002
Zhan, Z., Xu, L., Zuo, T., Xie, D., Zhang, J., Yao, L., et al. (2014). The
contribution of different frequency bands of fMRI data to the correlation
with EEG alpha rhythm. Brain Res. 1543, 235–243. doi: 10.1016/j.brainres.
2013.11.016
Frontiers in Human Neuroscience | www.frontiersin.org 10 June 2017 | Volume 11 | Article 321
Ikeda et al. Multiple Bands Correlate with Extraversion
Zhang, T., Xu, P., Guo, L., Chen, R., Zhang, R., He, H., et al. (2015). Multivariate
empirical mode decomposition based sub-frequency bands analysis of the
default mode network: a resting-state fMRI data study. Appl. Inform. 2:2.
doi: 10.1186/s40535-014-0005-z
Zou, Q.-H., Zhu, C.-Z., Yang, Y., Zuo, X.-N., Long, X.-Y., Cao, Q.-J.,
et al. (2008). An improved approach to detection of amplitude of
low-frequency fluctuation (ALFF) for resting-state fMRI: fractional
ALFF. J. Neurosci. Methods 172, 137–141. doi: 10.1016/j.jneumeth.2008.
04.012
Zuo, X.-N., Di Martino, A., Kelly, C., Shehzad, Z. E., Gee, D. G., Klein, D. F., et al.
(2010). The oscillating brain: complex and reliable.Neuroimage 49, 1432–1445.
doi: 10.1016/j.neuroimage.2009.09.037
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Ikeda, Takeuchi, Taki, Nouchi, Yokoyama, Kotozaki, Nakagawa,
Sekiguchi, Iizuka, Yamamoto, Hanawa, Araki, Miyauchi, Sakaki, Nozawa, Yokota,
Magistro and Kawashima. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.
Frontiers in Human Neuroscience | www.frontiersin.org 11 June 2017 | Volume 11 | Article 321
